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We present strongly improved electroweak precision constraints on the split-UED model. We find
that the dominating effect arises from contributions to the muon decay rate by the exchange of
even-numbered W boson Kaluza-Klein modes at tree-level, which so far have not been discussed
in the context of UED models. The constraints on the split-UED parameter space are translated
into bounds on the mass difference of the first Kaluza-Klein mode of fermions and the lightest
Kaluza-Klein mode, which will be tested is the LHC.
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In models with one universal extra dimension
(UED) [1], all of the Standard Model particles are pro-
moted to five-dimensional fields, propagating in a flat
extra dimension (for earlier ideas closely related to UED
models see Ref. [2]). In order to allow for the existence of
chiral fermions at the zero-mode level, the extra dimen-
sion is chosen as an S1/Z2 orbifold. We parameterize its
fundamental domain as x5 ≡ y ∈ [−piR/2, piR/2]. The
setup is symmetric under reflection at y = 0, which im-
plies a conserved Z2 parity, so-called Kaluza-Klein (KK)
parity. One consequence of KK parity is that first KK
mode particles can only be produced or annihilated in
pairs. Among other consequences, this leads to a rela-
tively weak bound on the KK mass scale MKK ≡ 1/R
of only MKK >∼ 600 GeV from flavor constraints [3], and
MKK >∼ 750 (300) GeV for mh = 115 (750) GeV [4–6]
from electroweak precision tests. Studies of the discov-
ery reach of the first year LHC data suggest a bound
of MKK >∼ 700 GeV [7]. Furthermore, KK parity guar-
antees the stability of the lightest KK particle (LKP),
thus providing us with a potentially viable dark matter
candidate [8]. For a review of the UED model and its
phenomenology, see Ref. [9].
The dark matter and the collider phenomenology of the
UED model strongly depends on the detailed KK mass
spectrum. The KK mass spectrum is modified when ei-
ther operators at the orbifold fixed points [10] (in so-
called “non-minimal UED”) or 5D fermion mass terms
[11] (in so-called “split-UED”) are taken into account.
In both scenarios, not only the KK mass spectrum but
also the couplings between KK particles are modified.
In particular, the couplings of zero-mode fermions to
even-numbered KK mode gauge bosons are generically
non-zero, even at tree-level.[23] Such couplings imply s-
channel production and decay of the second KK mode
gauge bosons at the LHC, which would result in Z ′-,
W ′-, and coloron-like signatures in di-lepton and di-jet
channels [12–14].
In this letter, we discuss the implications of the al-
tered mass spectrum and couplings of split-UED for con-
straints from electroweak precision tests.[24] In the split-
UED model, five-dimensional fermion mass terms
S5 ⊃
∫
d4x
∫ piR/2
−piR/2
−MΨΨΨ (1)
are introduced for all fermions Ψ = (Q,U,D,L,E). In
order to preserve KK parity, the mass terms are chosen
to have a KK parity-odd profile, which is taken to be
proportional to the Heavyside step function [11]. For
simplicity, we assume a universal 5D mass for all fermions
−MQ = MU = MD = −ML = ME = µ θ(y).[25]
Let us summarize some results from Ref.[13], which are
relevant for our analysis. The zero-mode fermions remain
massless after KK decomposition. They only acquire a
mass mf from spontaneous symmetry breaking via the
Yukawa potential. The masses of the fermions at the first
KK level follow from
m2f(1) = µ
2 ± k21 +m2f for µ ≷
2
piR
, (2)
where k1 is determined as the smallest positive solution
of [13]
µ = −kn cot
(
knpiR
2
)
for µ >
2
piR
, (3)
µ = −k1 coth
(
k1piR
2
)
for µ <
2
piR
. (4)
At all even-numbered KK levels one finds m2
f(n)
=
µ2 + (n/R)2 + m2f . At odd-numbered KK levels above
the first level, the fermion masses squared are m2
f(n)
=
µ2 + k2n + m
2
f with kn determined from the
(
n+1
2
)th
so-
lution of Eq. (3), irrespective of whether µ is larger or
smaller than 2/piR. The zero-mode fermions couple to
gauge bosons at even-numbered KK levels with a rela-
tive coupling strength of [13]
g002n
g000
=
(µR)2
[
1− coth
(
µpiR
2
)] [
1− (−1)neµpiR]
√
2 [(µR)2 + n2]
,
(5)
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2where g000 is identified with the respective SU(3), SU(2),
and U(1)Y Standard Model couplings. The couplings
between zero-mode fermions and gauge fields at odd-
numbered KK levels vanish due to KK parity. Let us
also point out that no KK number violating couplings
between zero-mode gauge bosons and KK mode fermions
exist.[26]
After this summary of the KK masses and couplings,
let us now turn to electroweak precision constraints. The
constraints on the minimal UED model from electroweak
precision tests have been studied in Refs. [4–6] by calcu-
lating the UED contributions SUED, TUED and UUED
to the Peskin-Takeuchi parameters [15] at one-loop-level.
The leading contributions are [4–6]
SUED =
4 sin2 θW
α
[
3g2
4(4pi)2
(
2
9
∑
n
m2t
(n/R)2
)
+
g2
4(4pi)2
(
1
6
m2h
1/R
)
ζ(2)
]
, (6)
TUED =
1
α
[
3g2
2(4pi)2
m2t
m2W
(
2
3
∑
n
m2t
(n/R)2
)
+
g2 sin2 θW
(4pi)2 cos2 θW
(
− 5
12
m2h
1/R
)
ζ(2)
]
, (7)
UUED = −4 sin
2 θW
α
[
g2 sin2 θW
(4pi)2
m2W
(1/R)2
(
1
6
ζ(2)− 1
15
m2h
(1/R)2
ζ(4)
)]
. (8)
The terms proportional to ζ(2) and ζ(4) arise from sums
over all KK Higgs loops and KK gauge loops. For the KK
top loop contributions, we wrote out the explicit sum,
because we will use the expressions above for split-UED,
where the KK top masses are altered, such that the KK
top loop contributions will not sum up to ζ(2). In mini-
mal UED, the treatment in terms of oblique corrections is
justified because vertex corrections are suppressed by α
as compared to Eqs.(6-8) [4]. In split-UED, the same ar-
gument holds true, and the split-UED result is obtained
by the simple replacement of (n/R)2 with k2n +µ
2 in the
top-loop contributions in Eqs. (6,7).[27]
The above result holds for split-UED if the underly-
ing electroweak parameters of the model are correctly
identified in terms of the experimentally observed Fermi
constant Gf , the fine-structure constant α at the Z-pole,
and the Z mass mZ . For this matching, the couplings
given in Eq. (5) play a central roˆle. In split-UED, all
even-numbered W KK modes contribute to the decay
rate of the of the muon. The calculation of the Fermi
constant yields
Gf = G
0
f + δGf (9)
with
G0f =
g2√
32m2W
and δGf =
1√
32
∑
n
g2002n
m2W +
(
2n
R
)2 . (10)
G0f is just the contribution from the W zero-mode, while
δGf denotes the sum of the contributions from all non-
zero W KK modes.[28] These contributions can be con-
sidered as corrections to a generalized gauge boson prop-
agator, which includes the poles of all gauge boson KK
modes. As we assumed equal 5D mass terms for all
quarks and leptons, the couplings given in Eq. (5) are
universal, and a treatment in terms of oblique param-
eters is still viable - with one important modification:
When performing a fit to the electroweak data at or near
the Z-pole, the W zero-mode is near its pole while all
W KK modes are off-resonance. Therefore, SUED, TUED
and UUED depend only on G
0
f , and not on the experi-
mentally measured value Gf , which differ by δGf . As
has been shown in Ref.[16] in the context of Randall-
Sundrum models, such corrections to Gf can be incorpo-
rated into the electroweak fit by matching the experimen-
tally determined values of the new physics contributions
SNP , TNP and UNP to effective parameters [29]
Seff = SUED,
Teff = TUED − 1
α
δGf
Gf
,
Ueff = UUED +
4 sin2 θW
α
δGf
Gf
. (11)
Using the expression for δGf from Eq. (10) together with
Eqs. (6-8) and inserting the masses and couplings deter-
mined from Eq. (2) and Eq. (5), the spilt-UED contri-
butions to Seff , Teff and Ueff are implicitly given as
functions of the three free parameters µ, R−1, and mh.
The experimental bounds on new-physics contribu-
tions to the oblique parameters have recently been up-
dated by the Gfitter collaboration [6], who found
SNP = 0.04±0.10 , TNP = 0.05±0.11 , UNP = 0.08±0.11,
(12)
for a reference point mh,ref = 120 GeV and mt,ref =
173 GeV with correlation coefficients of +0.89 between
SNP and TNP , and−0.45 (−0.69) between SNP and UNP
(TNP and UNP ).
We numerically calculate Seff , Teff and Ueff in the
µR vs. R−1 parameter plane at the reference point
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FIG. 1: Electroweak constraints on the split-UED parameter
space µR vs. R−1. Shown are the 65%, 95% and 99% c.l.
fit contours. A 5D fermion mass parameter µ < 0 leads to a
lightest Kaluza-Klein particle which is the KK partner of a
Standard Model fermion and does not provide a viable dark
matter candidate.
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FIG. 2: Electroweak constraints on the mass splitting between
the first KK mode fermions and the lightest KK particle at
tree-level, as a function of the LKP mass. Shown are the 68%,
95% and 99% cl. fit contours which result from the bounds
on the parameter space given in Fig. 1.
mh,ref = 120 GeV and mt,ref = 173 GeV. By perform-
ing a χ2-fit to the data given in Eq. (12), we obtain the
68%, 95% and 99% confidence level contours in the split-
UED parameter space, which are shown in Fig. 1. For
negative µ, the KK neutrino becomes the lightest KK
particle and thereby the dark matter candidate of the
model. However, KK neutrino dark matter is excluded
for 1/R . 50 TeV [17].[30] The contours for µ ≥ 0 can be
qualitatively understood as follows: For mh = 120 GeV,
the Standard Model limit R−1 →∞ at µ = 0 is in agree-
ment with the electroweak bounds. When decreasing
R−1, the UED loop contributions SUED and TUED in-
crease, whereby TUED yields the dominant contribution
to χ2. This leads to a lower bound on R−1 at µ = 0.
For µ > 0, Teff obtains a negative contribution which
partially cancels the positive TUED, thereby allowing for
lower values of R−1. However, for increasing µ, Ueff
increases, and eventually exceeds the bound on UNP .
Using Eq. (3), we can translate the constraints from
Fig. 1 into bounds on the first KK mode fermion mass
scale m˜f(1) =
√
µ2 + k21. m˜f(1) corresponds to the tree-
level mass mf(1) of Eq. (2) up to Yukawa contributions,
which are negligible for all fermions apart from the top.
Fig. 2 shows the bounds on the relative mass splitting
between the first KK mode fermions and the lightest KK
particle (m˜f(1) − mLKP )/mLKP as a function of R−1.
For the phenomenologically viable parameter region, the
LKP is the first KK excitation of the U(1)Y gauge boson
with mLKP = R
−1. To use these bounds for comparison
with physical masses, let us point out that loop contri-
butions to the fermion KK masses can be sizable. As
has been shown in Ref.[18] for minimal UED, the masses
of the first KK mode quarks and leptons are raised by
0.2/R and 0.05/R at one-loop-level, and similar results
are to be expected in split-UED. This would imply that
the constraint on the relative mass difference of the phys-
ical KK fermion masses and the LKP at the first KK level
is weaker by . 20% (. 5%) for KK quarks (fermions)
than the values for m˜f(1) shown in Fig. 2. A full one-loop
analysis of the KK fermion masses is beyond the scope
of this letter, so that the above is left as an estimate on
the error of the bounds given in Fig. 2.
Summary and Outlook: We presented constraints on
the split-UED parameter space with a universal 5D mass
parameter µ from the electroweak precision observables
S, T and U . We found that corrections to the muon de-
cay rate due to the exchange of even KK mode W bosons
lead to the dominant contributions to the effective T and
U parameter. The resulting bounds on the split-UED pa-
rameter space shown in Fig. 1 are substantially improved.
In particular, these constraints already exclude a sub-
stantial part of the split-UED parameter space currently
tested in Z ′ [13] and W ′ searches [14] in the di-lepton
channel at the LHC.
We translated this bound into a constraint on the rel-
ative difference between the masses of the first KK mode
fermions and the LKP, which yields a prediction for a
split-UED spectrum at LHC. We thereby showed, that
even if 5D fermion mass terms are included, the UED
spectrum must retain a certain degree of mass degener-
acy, implying that the split-UED mass spectrum differs
from typical SUSY spectra.
For the constraints presented here, we assumed a uni-
versal 5D mass parameter for all fermions. If one allows
for different mass parameters µL for leptons and µQ for
quarks, the bound on µQ can be substantially weakened,
because for µL = 0, the couplings of the muon to non-zero
KK W modes vanish, and muon decay only proceeds via
the W zero-mode.[31] However, µL = 0 also implies that
the second KK modes of the electroweak gauge bosons
cannot contribute to s-channel exchange in the di-lepton
4channel, which serves as one of the main search channels
for UED and its extensions.
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